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(54) Turbomachine rotor with blades of different frequency 



(57) An array of flow directing elements 1 0, 12 hav- 
ing increased flutter stability for use in turbomachinery 
devices is disclosed. The array comprises at least one 
high frequency flow directing element 10 and at least 
one low frequency flow directing element 12. In a pre- 
ferred embodiment, the array comprises a plurality of 
alternating high frequency and low frequency flow di- 
recting elements 10 ; 12. Each high frequency flow di- 



recting element 1 0 has its three lowest frequency vibra- 
tory modes at least 2.0% higher in frequency than the 
three lowest frequency vibratory modes of each low fre- 
quency flow directing element 12. The array has partic- 
ular utility in a turbomachinery device as part of a rotor 
stage. 
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Descripti n 

[0001] The present invention relates to frequency 
mistuned blade rows for use in turbomachinery such as 
gas turbine engines, steam engines, and the like. More 
particularly, the invention relates to an array of flow di- 
recting elements to be used as the rotor blades of multi- 
stage fans without shrouds that have improved flutter 
resistance and decreased weight. 
[0002] Many aircraft jet engines employ the turbofan 
cycle, in which a fan section of turbomachinery is used 
to both generate thrust and supply compressed air to 
the core of the engine. The fan section of engines for 
commercial applications typically consists of an isolated 
rotor whereas the fan section of engines for military ap- 
plications typically consists of multiple stages of blades 
and vanes. The latter configuration is referred to as a 
multi-stage fan. It faces more challenging aerodynamic 
conditions than an isolated fan due to the interaction of 
the fan stages. One consequence of this interaction is 
that the first stage rotor of a multi-stage fan has stricter 
design restrictions for avoiding flutter than an isolated 
fan. 

[0003] Axial flow turbomachinery blades are subject 
to destructive vibrations due to unsteady interaction of 
the blades with the working fluid. These vibrations are 
generally categorized as forced response or flutter. Both 
categories of vibrations can cause structural failure of 
the turbomachinery blades. 

[0004] The turbomachinery blades have natural vibra- 
tion modes of increasing frequency and complexity of 
the mode shape. The simplest and lowest frequency 
modes are typically first bending (1B), second bending 
(2B) : and first torsion (1T). First bending is a motion nor- 
mal to the flat surface of the airfoil portion of the blade 
in which the entire span of the airfoil moves in the same 
direction. Second bending is similar to first bending, but 
with a change in the sense of the motion somewhere 
along the span of the airfoil so that the upper and lower 
portions of the airfoil move in opposite directions. First 
torsion is a twisting motion around an elastic axis, which 
is parallel to the span of the airfoil in which the entire 
span of the airfoil on each side of the elastic axis moves 
in the same direction. 

[0005] Forced response vibration typically occurs 
when an integral multiple of an engine's rotation fre- 
quency, known as an engine order excitation, coincides 
with one of the natural vibration frequencies of the flow 
directing elements or blades. When these frequency co- 
incidences occur, the flow directing elements or blades 
will vibrate in resonance. This can cause vibrations of 
sufficient amplitude to cause structural failure. These 
frequency coincidences are typically avoided by tuning 
the blades' natural vibration frequencies to avoid engine 
order excitations over rotational speed ranges where 
the engine spends a significant portion of its operating 
cycle. 

[0006] Engine order excitations are characterized as 
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multiples of the engine rotation frequency, so that a "1 E" 
excitation is at the engine rotation frequency, a "2E" ex- 
citation is at twice the engine rotation frequency, etc. 
Conventional tuning criteria for unshrouded blades in 
5 the first stage of a multi-stage fan is for the 1 B frequency 
to be above the 2E excitation frequency, and that ail low- 
er order modes, typically the four lowest frequency 
modes, avoid engine order excitation frequencies in the 
operating range. Another criterion is that the 1 B frequen- 
ce cy does not match the 2E or 3E excitation frequencies 
at idle operating conditions. 

[0007] Flutter is an aero-elastic instability resulting 
from interaction of the flow over the flow directing ele- 
ments or blades and the blades' natural vibration ten- 

*5 dencies. When flutter occurs, the unsteady aerodynam- 
ic forces on a flow directing element due to its vibration 
add energy to the vibration, thus causing the vibration 
amplitude to increase. The vibration amplitude can be- 
come large enough to cause structural failure. The op- 

20 erable range, in terms of pressure rise and flow rate, of 
the engine is restricted by various flutter phenomena. 
[0008] Lower frequency vibration modes, first bend- 
ing and first torsion, are the vibration modes that are 
typically susceptible to flutter. Conventional practice to 

25 avoid flutter is to raise the blades' first bending and first 
torsion vibration frequencies, and/or increase the 
blades' chord length and/or add a shroud to provide me- 
chanical contact between adjacent airfoils. Thus, con- 
ventional design practices to avoid flutter add length and 

30 weight to rotor blades that is not required for aerody- 
namic performance, and the use of thicker blades or 
shrouds imposes an aerodynamic performance penalty. 
If flutter design restrictions are relaxed, then lighter and 
shorter blades can be employed, and the length and 

35 weight of the turbomachinery is reduced. Lighter parts 
provide obvious benefits for the turbomachinery of air- 
craft jet engines. 

[0009] Conventional practice for unshrouded blades 
in the first stage of multi-stage fans is to tune the blades 

40 so that the first bending frequency is above the second 
harmonic of the rotation frequency. This tuning practice 
avoids forced response vibrations while resulting in vi- 
bration frequencies that are typically high enough to 
avoid flutter. Relaxing flutter design restrictions would 

4 5 allow the blades to be tuned so that the first bending 
frequency is above the first harmonic of the rotation fre- 
quency and below the second harmonic in the operating 
range. Since the frequency of the first bending mode is 
directly proportional to the thickness of the blade at the 

50 root, tuning blades to a lowerfrequency results in thinner 
blades that reduce weight and improve performance. 
[0010] Blades are more susceptible to flutter instabil- 
ity if all blades on a rotor disk have nearly identical vi- 
bration frequencies. Advances in manufacturing tech- 

55 nique have resulted in the production of blades that have 
nearly uniform properties. This uniformity is desirable to 
ensure consistent aerodynamic performance, but unde- 
sirable in that it increases the blades' tendency to flutter. 
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Therefore, to ensure that a minimum level of nonuni- 
formity of the blades is achieved, it is desirable to intro- 
duce intentional variation to mistunethe blades and thus 
achieve flutter resistance. 

[001 1 ] These intentional variations should significant- 
ly affect the vibration frequency of the blade without 
compromising aerodynamic performance or introducing 
undue complexity in the manufacturing process. One 
method of achieving the frequency variation between 
blades is to vary the thickness of individual blades 
around the rotor. Other methods include, but are not lim- 
ited to ; variations in chord : camber angle, and profile 
shape. Variations of blade geometry in the inner span 
region, where the flow tends to be subsonic, tend to in- 
troduce less aerodynamic performance variation than 
geometric variations in the outer span region, where the 
flow tends to be supersonic. 

[0012] Flutter resistance increases as the difference 
in frequency between blades increases, up to a theoret- 
ical maximum. Manufacturing tolerances introduce fre- 
quency variations that are typically +/- 3% of the nominal 
frequency. However modern manufacturing techniques 
can result in frequency variations that are less than 1 % ; 
which can reduce flutter resistance. Thus, for manufac- 
turing processes which result in a relatively small varia- 
tion in frequency, intentional mistuning can increase flut- 
ter resistance. 

[0013] The use of nonuniformity in vibration frequency 
to avoid flutter instability for turbomachinery blades is 
addressed in U.S. Patent No. 5.286,168 to Smith. The 
approach discussed therein uses frequency mistuning 
for flutter avoidance, but does not use the reduced flutter 
susceptibility to alter blade tuning criteria and thus lower 
blade weight. 

[0014] The use of nonuniformity in shroud angle to 
avoid flutter instability for a blade row of shrouded 
blades is addressed in U.S. Patent No. 5.667.361 to 
Yaeger et ai. The approach discussed in the Yaeger et 
ai. patent however is unattractive for modern gas turbine 
engines since the use of shrouds imposes an aerody- 
namic performance penalty. 

[0015] Accordingly, it is an object of the present inven- 
tion in its preferred embodiments at least to provide an 
improved array of flow directing elements for use in tur- 
bomachinery devices. 

[0016] It is a further object of the present invention in 
its preferred embodiments at least to provide an im- 
proved array as above which is mistuned to increase 
flutter stability. 

[001 7] It is yet a further object of the present invention 
in its preferred embodiments at least to provide an array 
as above which is relatively light in weight and does not 
disturb aerodynamic performance. 
[0018] An improved array of flow directing elements 
for use in turbomachinery devices, such as gas turbine 
engines, steam engines, and the like is provided by the 
present invention. The improved array broadly compris- 
es a row of alternating high frequency and lowf requency 



flow directing elements or blades. The high frequency 
flow directing elements each have their three lowest fre- 
quency vibratory modes at least 2.0% higher in frequen- 
cy than the three lowest frequency vibratory modes of 
5 each low frequency flow directing element. The array of 
the present invention may be used in turbomachinery 
as a blade row for a rotor stage. 

[0019] Some preferred embodiments of the present 
invention will now be described, by way of example only. 
io with reference to the accompanying drawings in whicn: 

FIG. 1 is a frequency diagram in which the vibration 
frequencies of high and lowfrequency flow directing 
elements straddle different engine order excitations 

15 resulting in a 1 E-2E pair of flow directing elements: 
FIG. 2 is a frequency diagram in which the vibration 
frequencies of both high and low frequency flow di- 
recting elements are between the same engine or- 
der excitations resulting in a 1 E pair of flow directing 

20 elements; 

FIG. 3 is a schematic representation of a typical air- 
foil; 

FIG. 4A is a diagram comparing tuned and mistuned 
first stage flow directing elements in a multi-stage 
25 fan in terms of maximum-thickness-to-chord ratio 
versus aspect ratio; 

FIG. 4B is a schematic representation of an airfoil 
showing its chord and maximum thickness; 
FIG. 5 is a schematic representation of an array of 
30 flow directing elements in accordance with the 
present invention; 

FIG. 6 is a graph showing exemplary frequency tun- 
ing requirements for a 1 E pair of mistuned flow di- 
recting elements; and 
35 FIG. 7 is a graph showing thickness along the span 

of an airfoil for high and low frequency flow directing 
elements. 

[0020] Frequency mistuning can be applied to avoid 

^o flutter using at least two different tuning philosophies. 
As with tuned arrays of flow directing elements known 
as blade rows, forced vibration must be avoided by plac- 
ing the natural vibration frequencies of the flow directing 
elements or blades between engine order excitations in 

45 the operating range of the engine. For mistuned arrays 
or blade rows, the first bending frequency of two sets of 
flow directing elements or blades, one a high frequency 
flow directing element or blade 10 and the other a low 
frequency flow directing element or blade 1 2. can strad- 

50 die different engine order excitations as shown in FIG. 
1. Alternatively the first bending frequency of the high 
frequency blade 1 0 and the low frequency blade 1 2 can 
be placed between adjacent engine order excitations as 
shown in FIG. 2. The flow directing elements or blades 

55 10 and 12 in FIG. 1 are referred to as a 1 E-2E pair, and 
the elements or blades 1 0 and 1 2 in FIG. 2 are referred 
to as a 1 E pair. Similartuning criteria are applied to high- 
er frequency structural modes. 
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[0021] As shown in FIG. 3. an airfoil A has a leading 
edge 1 4. a trailing edge 16. a tip portion 1 8. and a root 
portion 20. The primary geometric properties of the air- 
foil A that determine its weight are the chord C. the span 
S, and the thickness T. 

[0022] The weight advantages of the different mistun- 
ing design philosophies described above are illustrated 
in FIG. 4A and 4B. FIG. 4A which contrasts conventional 
tuned blades 22 against a mistuned 1 E-2E pair 24 and 
a mistuned 1 E pair 26 in terms of maximum thickness- 
to-chord ratio and aspect ratio (the ratio of the chord to 
span). These blades represent those found in the first 
stage of unshrouded, multi-stage fans. The two slanted 
lines 27 and 28 in FIG. 4A show the thickness required 
for the first vibration mode to be tuned above the first 
harmonic (1 E) or second harmonic (2E) of rotation fre- 
quency, respectively. The prior art for such fan blades 
22 is shown as a 2E blade ; which is limited to lower as- 
pect ratio by the flutter limit fortuned blades. Mistuning 
relaxes the flutter restriction, thus permitting lower blade 
weight by decreasing thickness and/or increasing as- 
pect ratio. 

[0023] As FIG. 4A illustrates, the 1 E pairing method 
of mistuning significantly reduces fan weight by allowing 
thinner blades and increased blade aspect ratio. Thin- 
ner blades are not only themselves lighter but also re- 
duce the required weight of the disk that must retain 
them. Further lighter individual blades result in reduced 
imbalance loads during blade liberation, a required en- 
gine design condition. Reduced imbalance loads due to 
blade liberation lead to additional weight reductions be- 
cause containment systems, bearing supports, engine 
mounts, case flanges, airframe interfaces, and other en- 
gine and aircraft static structures are challenged to a 
lesser degree. Increasing the aspect ratio of blade de- 
signs reduces weight by shortening the chord or axial 
length of the blade, which in turn allows the blade sec- 
tions near the tip to be thinner, given the same frequency 
requirements for the first several natural vibration 
modes. The shorter chord length by itself does not lower 
total blade or disk weight because the number of blades 
must be proportionately increased to maintain aerody- 
namic performance. The weight savings comes from the 
thinner outboard blade sections and from reduced indi- 
vidual blade weight. This reduces the maximum imbal- 
ance loads applied to the static support structure in the 
case of a liberated blade, which further reduces weight. 
[0024] The 1 E-2E pairing method of mistuning reduc- 
es weight to a lesser extent, but provides greater flutter 
margin by virtue of its greater separation in blade fre- 
quencies and higher average frequency, as compared 
to the 1E pairing method. Whereas the 1E blade pair 
can push aspect ratio to the mistuned flutter limit, a 1 E- 
2E pair will be limited to a lower aspect ratio by the aer- 
odynamic penalties of high thickness-to-chord ratio of 
the high frequency (2E) blade. 

[0025] In the present invention, flutter resistance of 
the turbomachinery arrays or blade rows is achieved by 



assembling an array or blade row from two flow directing 
element or blade types with different natural vibration 
frequencies in an alternating pattern. FIG. 5 illustrates 
such a blade row. which is assembled from alternating 
5 high frequency flow directing elements or blades 1 0 and 
low frequency flow directing elements or blades 1 2. The 
blades 1 0 and 1 2 are mounted to a disk 1 1 which rotates 
about a central axis. The speed at which the disk 11 ro- 
tates is the operating speed of the turbomachinery de- 
10 vice such as an engine. The blades 10 and 12 may be 
mounted to the disk 11 using any suitable mounting 
technique known in the art. Further, the blades 10 and 
12 may be manufactured from any suitable material 
known in the art. The blades may be solid or hollow. As 
*5 can be seen from FIG. 5. adjacent ones of the blades 
10 and 12 form passages for a working medium fluid. 
[0026] It has been found that a minimum frequency 
difference between adjacent ones of the elements 10 
and 12 should be achieved for each of the structural 

20 modes that pose a flutter threat, typically first bending 
(1 B), first torsion (1T), and second bending (2B). in ac- 
cordance with the present invention, the ratio of the 1 B 
frequency of each high frequency flow directing element 
or blade 10 to the 1 B frequency of each low frequency 

25 flow directing element or blade 1 2 should exceed 1 .02. 
Similarly, the respective ratios of the first torsion (1T) 
and the second bending (2B) vibratory frequencies of 
each high frequency flow directing element or blade 1 0 
to the first torsion and the second bending vibratory f re- 

30 quencies of each low frequency flow directing element 
or blade 12 should exceed 1 .02, preferably at least 1 .05. 
As previously mentioned, first torsion, first bending, and 
second bending form the three lowest vibratory modes 
of the blades 10 and 12. Also, the frequencies of the 

35 differential structural modes of each of the flow directing 
elements 10 and 12 should differ by at least 2.0%. For 
example, the ITfrequency of each high frequency blade 
1 0 should differ by 2% or more, preferably at least 5.0%, 
from the 2B frequency of each low frequency blade 12. 

40 [0027] The flow directing elements or blades 10 and 
1 2 have the same span, the same chord length distribu- 
tion along the span, and the same axial position on the 
disk 11 . To achieve the intended difference in frequency 
between the high frequency flow directing elements 10 

^5 and the low frequency flow directing elements 12, the 
maximum thickness distribution is tailored along the 
span of each of the elements 1 0 and 1 2 so that the thick- 
ness distribution along the span of the high frequency 
flow directing element 10 is different from the thickness 

50 distribution along the span of the low frequency flow di- 
recting element 12. The thickness distribution however 
satisfies design constraints, such as tuning to avoid res- 
onance within the operating range, steady stress (result- 
ing from centrifugal pull and air loads) constraints, flow 

55 directing element mode shape constraints, and aerody- 
namic performance constraints. Performance consider- 
ations limit the individual airfoil section offsets of the flow 
directing elements 10 and 12, which offsets are the air- 
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foil sections' center of gravity positions along the span 
that minimize airfoil steady stress, and the thickness dis- 
tribution variation between adjacent airfoils in the outer 
blade span. 

[0028] The mistuning philosophy which is preferably 5 
used herein and which results in the lowest weight flow 
directing elements is a pair of flow directing elements, 
one a high frequency flow directing element 1 0 and the 
other a low frequency flow directing element, both of 
whose 1 B frequency is above 1 E and below 2E at high w 
engine rotation frequencies, i.e. a 1E blade pair. This 
differs from the prior art for the first rotor of multi-stage 
fans where the 1 B frequency is above the 2E excitation 
frequency. The 1B frequency of both elements 10 and 
1 2 in the pair should avoid the 2E and 3E excitation fre- is 
quencies at idle rotation frequencies. The 2B frequen- 
cies of both elements 1 0 and 1 2 in the pair should avoid 
integral order excitation frequencies, and therefore, are 
tuned between these excitation frequencies in the oper- 
ating range. Further the 1 T frequency should also avoid 20 
integral order excitation frequencies and is maximized 
in order to provide increased resistance to flutter. FIG. 
6 illustrates a frequency tuning for a 1 E blade pair that 
results in the intended frequency mistuning while meet- 
ing the above forced response tuning criteria. 25 
[0029] For the array of the present invention to have 
a 1 E blade pair which meets the above forced response 
tuning criteria for the 1B. 2B, and 1T modes, a unique 
spanwise distribution of maximum blade thickness is uti- 
lized. This unique spanwise distribution of maximum 30 
blade thickness is shown in FIG. 7. Prior art blade de- 
signs typically have the maximum thickness at the root 
of the blade. In contrast, both flow directing elements or 
blades 10 and 12 in the 1 E element pair of the present 
invention have a local maximum thickness outboard of 35 
the root, in approximately the 20 - 45% span range, 
which local maximum thickness may or may not be the 
maximum thickness of the respective elements 10 and 
1 2. This th ickness feature allows higher aspect ratio flow 
directing elements or blades 10 and 12 with increased 40 
1T frequency without changing the bending mode fre- 
quencies. This thickness feature also separates the 2B 
and 1T frequencies and modeshapes r which results in 
a decreased torsion content in the 2B mode shape. Min- 
imizing the torsion content of the 2B mode reduces the 45 
elements' or blades' tendency to flutter in this mode. 
[0030] In the flow element pair used in the array of the 
present invention, the three lowest frequency vibratory 
modes of each high frequency flow directing element 1 0 
are separated by at least 2.0% in frequency from any so 
modes of each low frequency flow directing element 1 2. 
Further, each high frequency flow directing element 10 
and each low frequency flow directing element 12 has 
a resonant frequency of the lowest frequency vibratory 
mode which is between a first and a second harmonic 55 
of engine rotation frequency when the engine is being 
operated at high speeds. The resonant frequencies of 
the lowest frequency vibratory modes of the flow direct- 



ing elements 1 0 and 1 2 may cross the second harmonic 
of the device only at a relatively low speed of tne oper- 
ating range. 

[0031] In a preferred pair of elements, each low fre- 
quency element 1 2 has a resonant frequency of the low- 
est frequency vibratory mode which is between a first 
and second harmonic of the device rotation frequency 
and each high frequency element 1 0 has a resonant fre- 
quency of the lowest frequency vibratory mode which is 
between a second and third harmonic of the device ro- 
tation frequency. 

[0032] As previously mentioned, the array of the 
present invention has particular utility as part of a rotor 
assembly in a turbomachinery device such as an en- 
gine. 

[0033] It is apparent that there has been described 
above frequency mistuned blade rows having increased 
flutter stability which fully satisfy the objects, means and 
advantages set forth hereinbefore. While the present in- 
vention has been described in the context of specific 
embodiments thereof, other variations, alternatives, and 
modifications will become apparent to those skilled in 
the art having read the foregoing description . Therefore, 
it is intended to embrace those variations, alternatives, 
and modifications which fall within the scope of the ap- 
pended claims. 



Claims 

1. An array of flow directing elements for use in tur- 
bomachinery devices to increase flutter stability 
comprising: 

a plurality of flow directing elements (10. 12) 
mounted on a disk (1 1 ) for rotation about an ax- 
is; 

said plurality of flow directing elements includ- 
ing at least one high frequency first flow direct- 
ing element (10) and at least one second low 
frequency flow directing element (12); and 

said at least one high frequency flow directing 
element (10) having its three lowest frequency 
vibratory modes at least 2.0% higher in fre- 
quency than the three lowest frequency vibra- 
tory modes of said at least one low frequency 
flow directing element (12). 

2. An array according to claim 1 , wherein said plurality 
of flow directing elements includes a plurality of high 
frequency flow directing elements (1 0) and a plural- 
ity of low frequency flow directing elements ( 1 2) and 
wherein said high frequency flow directing elements 
(10) and said low frequency flow directing elements 
(12) are arranged in an alternating pattern around 
the circumference of said disk (11). 



3NSDOCID: <EP 1211382A2J_> 



9 



EP 1 211 382 A2 



10 



3. An array according to claim 1 or 2, wherein adjacent 
ones of said flow directing elements (10, 12) form 
passages for a working medium fluid. 

4. An array according to any preceding claim, wherein 
the three lowest frequency vibratory modes of the 
at least one high frequency flow directing element 
(10) are separated by at least 2.0% in frequency 
from any modes of the at least one low frequency 
blade (12). 

5. An array according to any preceding claim, wherein 
said at least one high frequency flow directing ele- 
ment (1 0) and said at least one low frequency flow 
directing element (12) have substantially the same 
span : the same chord length distribution along the 
span : and the same axial position on the disk. 

6. An array according to any preceding claim, wherein 
said array forms part of a rotor and wherein each of 
the at least one high frequency flow directing ele- 
ment (10) and the at least one low frequency flow 
directing element (12) have a resonant frequency 
of the lowest frequency vibratory mode which is be- 
tween the first and the second harmonic of the rotor 
rotation frequency when operated at high speeds. 

7. An array according to claim 6 : wherein said second 
harmonic may be crossed by said resonant frequen- 



vibratory mode which is between a second and third 
harmonic of said rotor speed. 

12. An array according to claim 11 . wherein the at least 
5 one high frequency flow directing element (1 0) has 

a thickness distribution along its span which is dif- 
ferent from a thickness distribution along a span of 
the at least one low frequency flow directing ele- 
ment (12). 

10 

13. An array according to claim 12 : wherein the at least 
one low frequency flow directing element (12) has 
a local maximum of thickness between 20 and 45% 
of its span. 

15 

14. An array according to claim 13, wherein the local 
maximum thickness is not the maximum thickness 
of the entire at least one low frequency flow direct- 
ing element (12). 

20 

15. An array according to claim 13 : wherein the local 
maximum thickness is the maximum thickness of 
the entire at least one low frequency flow directing 
element (12). 

25 



cies of the lowest frequency vibratory modes only 30 
in an operating speed range at relatively low speed 
conditions. 

8. An array according to any preceding claim, wherein 

the at least one high frequency flow directing ele- 35 
ment (10) has a different thickness distribution 
along its span than the at least one low frequency 
flow directing element (12). 

9. An array according to any preceding claim, where -*o 
each of the at least one high frequency flow direct- 
ing element (1 0) and the at least one low frequency 
flow directing element (12) has a thickness distribu- 
tion with a local maximum between 20 and 45% of 

the span. 45 

1 0. An array according to claim 9 ; where the local max- 
imum is the maximum thickness of the respective 
flow directing element (10 : 12). 

50 

1 1 . An array according to any preceding claim, wherein 
the array forms part of a rotor and wherein the at 
least one low frequency flow directing element (12) 
has a resonant frequency of the lowest frequency 
vibratory mode which is between a first and a sec- 55 
ond harmonic of rotor speed and wherein the at 
least one high frequency flow directing element (1 0) 
has a resonant frequency of the lowest frequency 
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(54) Turbomachine rotor with blades of different frequency 



(57) An array of flow directing elements 1 0 : 1 2 hav- 
ing increased flutter stability for use in turbomachinery 
devices is disclosed. The array comprises at least one 
high frequency flow directing element 10 and at least 
one low frequency flow directing element 12. In a pre- 
ferred embodiment, the array comprises a plurality of 
alternating high frequency and low frequency flow di- 
recting elements 10 ; 12. Each high frequency flow di- 



recting element 1 0 has its three lowest frequency vibra- 
tory modes at least 2.0% higher in frequency than the 
three lowest frequency vibratory modes of each low fre- 
quency flow directing element 12. The array has partic- 
ular utility in a turbomachinery device as part of a rotor 
stage. 
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